ABSTRACT Recombinant A phage Charon 4A with repetitive human DNA inserts have been constructed by using cellular DNA from a human-Chinese hamster ovary cell hybrid retaining the complete hamster genome and a single human chromosome 12. One recombinant phage, 12-11, contains several repetitive sequences, each with a different repetition pattern in the human genome. A 2.2-kilobase (kb) EcoRI fragment ofthis phage was subcloned in pBR325. This sequence has fewer than 5,000 copies in the human genome and does not cross-hybridize with Chinese hamster DNA. When the labeled 2.2-kb probe was hybridized to human chromosome 12 DNA digested with EcoRI, there was an intense band at the 2.2-kb position and a series of other discrete bands. The band pattern at positions other than 2.2 kb appears to be distinct for each human chromosome. The 2.2-kb fragment is composed of at least three subregions. The ends of the fragment are repeated more frequently in the genome than is the middle portion. Hybridization of chromosome 12 DNA with probes made to these subregions yielded simpler band patterns. By using a series of cell hybrids containing various deletions of human chromosome 12, five sequences related to the 2.2-kb fragment have been assigned regionally to a specific portion of the short arm of chromosome 12. These results demonstrate that certain repetitive sequences in the human genome can be used as genetic markers and may permit detailed regional mapping ofhuman chromosomes.
With the availability of techniques for cloning genes and DNA fragments into various vectors like bacteriophage or plasmids (1) , it has become feasible to undertake structural analysis of eukaryotic genes and the molecular organization of mammalian genomes including that of man (2) . In particular, the numerous DNA fragments derived from the human genome (3) can be used as valuable genetic markers for linkage analysis and for the eventual construction of a complete human gene map (4) .
DNA fragments can be obtained either directly from a specific human chromosome (5) (6) (7) (8) or from the total human genomic library, followed by assignment to a specific human chromosome by using somatic cell hybrids and synteny analysis (9) .
Furthermore, regional assignment of these DNA fragments within a chromosome also can be achieved by using cell hybrids or other suitable cells containing various terminal deletions of the particular chromosome concerned. For example, five DNA fragments derived from human chromosome 11 have been assigned to three specific regions ofthe chromosome by using this approach (5) .
So far, the majority of the human chromosome mapping studies with cloned DNA fragments have concentrated on unique sequences (5, 6, 8, 9) . Each unique sequence can only mark one chromosomal location. On the other hand, a cloned sequence that is related to many similar sequences in the genome might be useful as a marker for a number of chromosomal locations. This approach has not been extensively exploited because most of the better characterized repetitive sequences have copy numbers of104-105 or more in the human genome (10-13)-far too many to be useful as specific genetic markers. A less repetitive sequence with 103-104 copies might permit the creation of detailed regional maps for all human chromosomes if these chromosomes can by suitably isolated, for example by techniques ofcell fusion. In addition, a sequence with such a moderate level ofrepetition might serve important functions in the human genome.
In the present paper, we describe the isolation of a 2. (9) . The human fibrosarcoma cell line HT-1080, provided by Carlo Croce (14) , was used as the source of human DNA unless otherwise specified. The cell hybrids were developed and characterized as described (9) . In particular, the hybrid 12A, containing a complete CHO-K1 genome plus a single human chromosome 12 (15) , was used for cloning human DNA fragments into A phage Charon 4A. In addition, the following subclones derived from 12A and possessing various deletions ofchromosome 12 were used for regional mapping of DNA sequences on the chromosome: 12A-1, previously designated A9 (16, 17) , has a deletion in the region pter-p1205 ofthe short arm with the phenotype TPI-GAPD-LDHB-ENO2-SHMT+-PEPB+; 12A-2, previously designed MA2 (16, 17) , has a deletion in the region ql2-qter of the long arm with the phenotype TPI+GAPD+LDHB+ENO2+SHMT-PEPB-; 12A-3 and 12A-4 are segregants from 12A that have no cytogenetically detectAbbreviations: kb, kilobase; CHO, Chinese hamster ovary.
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Another hybrid, 60A2, used in the study was derived from the fusion between x-irradiated 12A (15) and the glycine-requiring mutant gly-A ofCHO-K1 cells (18) . This hybrid has apparently lost all human chromosomes except a dot-like chromosome including the centromere region and the serine hydroxymethyltransferase (SHMT) marker of human chromosome 12 (unpublished data).
Cloning of Hybrid 12A DNA into Phage Charon 4A. DNA from human-CHO-Ki hybrid 12A cells was extracted as described (9, 19) . For cloning the hybrid DNA fragments into A phage Charon 4A, we used procedures similar to those previously described (5, (20) (21) (22) .
Identification of Recombinant Phage Clones Containing Human DNA. Methods for distinguishing clones containing human DNA from those containing hamster DNA were similar to those described by Gusellaet aL (5) . Duplicate nitrocellulose filters were prepared from the phage plaques by using the Benton and Davis method (23) and were hybridized to nick-translated 32P-labeled total human HT-1080 DNA or Chinese hamster CHO-K1 DNA. The clones that hybridized to human probe but not to hamster probe were isolated and proved to contain human DNA inserts.
Isolation of DNA Restriction Fragments from Recombinant Phage. Restriction fragments from a recombinant phage containing human DNA were isolated either by direct electroelu. tion ofthe fragments from agarose gels (24, 25) or by subcloning of the fragments into plasmids. Bacterial alkaline phosphatase was used to remove the phosphate group from the 5' end ofthe phage DNA prior to digestion, thus rendering the phage arms totally incapable of ligating to the plasmid DNA (26) , and the resulting recombinant plasmids contained only human DNA.
Restriction Endonuclease Digestion, Agarose Gel Electrophoresis, and Southern Transfer. Restriction endonuclease digestion was carried out by procedures provided by the suppliers (New England BioLabs and Miles). The digested DNA fragments were fractionated by horizontal 0.75% agarose gel (Sigma) electrophoresis and stained with ethidium bromide- (5 ,g/ml). After electrophoresis, the DNA was transferred from gels to nitrocellulose filters by the method of Southern (27) , with modifications of Wahl et aL (28) .
DNA Labeling, Filter Hybridization, and Autoradiography.
DNA was labeled with [a-32P]dCTP (New England Nuclear) by nick-translation (29) . Specific activity of >108 cpm/,tg of DNA was routinely obtained. Filter hybridization was carried out by using dextran sulfate as described by Wahl et aL (28) . After hybridization, the filters were dried and exposed to DuPont Cronex IV x-ray film at -70°C for 16 Characterization of Recombinant Phage 12-11 Containing Human DNA. The DNA from phage 12-11 was digested with EcoRI, electrophoresed on a 0. 75% agarose gel, transferred to a nitrocellulose filter, and hybridized to 32P-labeled total human HT-1080 DNA. In Fig. 1 , the digested phage DNA fragments stained with ethidium bromide (lane 1) are compared with the fragments that hybridized to the middle repetitive probe (lane 2) .
The human DNA insert in phage consists offive EcoRI fragments 5.6, 4.0, 2.2, 1.0, and 0.65 kb in size. The 5.6-kb fragment hybridized strongly with total human DNA (Fig. 1,  lane 2) , indicating that it is frequently repeated in the human genome. The 1.0-kb fragment, which showed less hybridization, is likely to be a sequence less repetitive than the 5.6-kb fragment. The 4.0-and 2.2-kb fragments showed even less hybridization and probably represent low copy number sequences. In order to facilitate further analysis, the EcoRI fragments from phage 12-11 were subcloned into pBR325. In particular, the plasmid containing the 2.2-kb fragment was chosen for further study.
Hybridization of the 2.2-kb Fragment to Digested DNA from CHO and Human Cells. The 2.2-kb fragment from the plasmid containing the 2.2-kb fragment-was electroeluted, nicktranslated with [32P]dCTP to high specific activity, and hybridized to Southern blots ofdigested DNA from various cell types (Fig. 2) . There was absolutely no hybridization with the CHO, DNA (Fig. 2, lane 1 several discrete bands below it (Fig. 2, lane 2) .
To obtain an estimate of the number of copies of sequences related to the 2.2-kb fragment in the human genome, a dot blot analysis similar to that of Brandsma and Miller (30) 12 , an intense band at the 2.2-kb position was evident. In addition, another dark band at 2.7 kb and a series ofdiscrete bands above and below the 2.2-kb position were also present (Fig. 2, lane 3) . The 2.2-kb probe was hybridized also to a series of cell hybrids derived from 12A and carrying various deletions of chromosome 12. The 12A-1 hybrid, which has a terminal deletion in the short arm ofchromosome 12, still retained the dark bands at the 2.2-and 2.7-kb positions and the bands above and below 2.2 kb (Fig. 2, lane 4) . The band patterns appeared to be similar in the two hybrids, and no missing bands were readily discernible in 12A-1.
For 12A-2, which has a large deletion in the long arm ofchromosome 12, the band at the 2.2-kb position was missing, but a series of distinct bands at other molecular sizes were present (Fig. 2, lane 5) . In the case of hybrid 12A-4, which has apparently lost human chromosome 12 completely, a series of bands still appeared (Fig. 2, lane 6 ), indicating that this segregant still retains some human DNA, although cytogenetic analysis failed to detect its presence. In the hybrid 60A2 (Fig. 2, lane 7) , which retains a dot-like chromosome and the chromosome 12 marker serine hydroxymethyltransferase, a series of bands showed up, but the dark 2.2-kb band was again missing. Finally, in another segregant from 12A, 12A-3 (Fig. 2, lane 8) , which has lost chromosome 12, no detectable bands could be seen in the autoradiogram, indicating the probable loss of all human DNA.
These findings suggest that the cloned 2.2-kb EcoRI fragment belongs to a family of human repetitive sequences that are oftwo types: type A sequences are those that have the same size (within the limits ofresolution) as that ofthe cloned 2.2-kb fragment when cleaved with EcoRI, and type B sequences are those that possess homologies to the cloned 2.2-kb fragment but yield sizes other than 2.2 kb when cleaved with EcoRI. In the case of chromosome 12, most of the type A sequences are mapped to the region ql2-qter of the long arm, whereas the type B sequences appear to be scattered along the entire chromosome.
Hybridization of the 2.2-kb Probe with DNA from a Series of Human-Chinese Hamster Cell Hybrids Containing Other Human Chromosomes. 32P-Labeled 2.2-kb DNA probe was hybridized to a Southern blot of EcoRI-digested DNA from a series of cell hybrids containing various human chromosomes other than chromosome 12 (Fig. 3) . The hybridization showed, for all ofthe hybrids, a strong hybridization band at 2.2kb (type A sequence) and a series ofdiscrete bands above and below 2.2 kb (type B sequence). The pattern of the latter sequences appeared to be unique for each human chromosome.
These results indicate that sequences with homology to the 2.2-kb repetitive fragment are present on other human chromosomes in addition to chromosome 12. Using hybrids with other single human chromosomes, we have shown that the sequences homologous to the 2.2-kb fragment are present on human chromosomes 11, 21 (Fig. 3, lanes 1 and 6) , and 9 or 14, or both (Fig. 3, lane 3) .
Electroelution of Subfragments of the 2.2-kb Fragment. In order to reduce the complexity ofthe bands on chromosome 12 so that regional assignment of certain bands can be made, the I. 2.2-kb EcoRI fragment was cleaved with restriction endonuclease Pvu II, which yields three subfragments of sizes 1.2, 0.6, and 0.4 kb. The orientation of these subfragments have been determined as shown in Fig. 4 . The subfragments were electroeluted from agarose gels and labeled by nick-translation.
Identification and Regional Mapping of DNA Sequences That Are Related to the 2.2-kb Fragment (Type B Sequences). As shown in Fig. 3 , the pattern of the type B sequences appeared to be unique for each chromosome. Thus, it might be possible to map each type B sequence to a particular region on a chromosome. Each labeled Pvu II subfragment was hybridized to DNA from 12A (containing an entire chromosome 12) and 12A-1 (containing a partial chromosome 12 including pl205-qter). The results are shown in Fig. 5 .
By using the subfragments as probes, the band patterns were clearly simplified as compared with that from the use of the entire 2.2-kb fragment as the probe (Fig. 5, lanes A) . By using the 1. shown to be present in 12A but not in 12A-1 (Fig. 5, lanes B) . Similarly, by using the 0.6-and 0.4-kb probes, another three type B sequences of6.0, 5.4 and 4.2 kb were foundto be present in 12A and absent in 12A-1 (Fig. 5, lanes C and D) . From these results, it can be concluded that at least five bands with molecular sizes of 6.0-, 5.4-, 5.0-, 4.6-, and 4.2-kb hybridized to DNA from 12A but not to 12A-1. Therefore, these five bands can be provisionally assigned regionally to the short arm ofchromosome 12 in the region pter-p1205 (Fig. 6) .
It is also clear from Fig. 5 that the majority ofthe sequences related to the 2.2-kb fragment (type B sequences) hybridized to the ends ofthe 2.2-kb fragment (i.e., the 0.6-and 0.4-kb Pvu II subfragments) and not to the middle portion ofthis fragment (i.e., the 1.2-kb Pvu II subfragment).
DISCUSSION
Gusella et aL (5) described a method for the construction of cloned DNA fragments from human-Chinese hamster hybrid cells containing a single human chromosome 11 and for distinguishing recombinant phage possessing human DNA inserts from those with hamster inserts. The method was based on the high degree of species-specificity of middle repetitive sequences among different mammalian species (31, 32) . Recombinant phage containing human unique sequences have been isolated, and their regional assignments on chromosome 11 have been determined (5) .
In the present paper, we extended the approach to human chromosome 12 and also demonstrated that human repetitive sequences ofrelatively low copy number can be identified and isolated for chromosomal mapping analysis of the human genome. In these studies, a 2.2-kb EcoRI fragment was cloned from human chromosome 12 . We showed that this 2.2-kb sequence originally derived from human chromosome 12 has homologous copies ofthe same size (type A sequences) and related copies at other molecular sizes (type B sequences) in the human genome. The total number ofcopies per genome is in the range of 2,000-5,000. We further demonstrated that the type A sequence present on chromosome 12 is also present on other human chromosomes that have been tested, including chromosomes 11 and 21. The type B sequences are abundant on chromosomes 11, 12 , and 21 and are likely to be present in multiple copies in most if not all human chromosomes.
Although the 2.2-kb probe displayed a continuum or smear when hybridized to total human DNA, it produced discrete 7sProc. Natl. Acad. Sci. USA 79 (1982) bands when hybridized to DNA from a hybrid containing a single human chromosome (Fig. 2, lane 3; Fig. 3, lanes 1 and 6) . Certain other human repetitive sequences, such as the 6.4-kb family found in the region 3' to the f3-globin gene (33, 34) and another family ofsequences larger than 2.2kb at the 5' flanking region of the y-globin gene (35) , may be present in the human genome in a fashion similar to that of the sequence described here.
Because the band patterns of the type B sequences differ in different chromosomes that have been tested, particular bands may serve as specific DNA markers for particular regions of a chromosome. Thus, the potential number of DNA markers for each chromosome can be substantially increased by use of the 2.2-kb sequence described here, which may permit mapping multiple regions of various chromosomes. Availability of such probes could facilitate detection ofdeletions or other alterations of DNA sequences on specific regions of a chromosome. Such probes may be particularly useful in the analysis ofdiseases such as Wilms tumor and aniridia syndrome, which has been associated with a small deletion of the band p13 in the short arm ofchromosome 11 (36) ; predisposition to retinoblastoma, which has been attributed to the loss of the chromosomal band q14 in the long arm ofchromosome 13 (37) ; or the deletion in the short arm of chromosome 3, region p14-p23, which has been associated with small cell lung carcinoma (38) . It also may be helpful in ascertainment ofsubtle molecular changes in certain cancers involving consistent chromosomal translocations, as in the 9q34/ 22ql1 translocation ofchronic myelocytic leukemia. (39) and the 8q24/14q32 translocation in Burkitt lymphoma (40) . With the use of the 2.2-kb sequence and similar DNA sequences, and appropriate somatic cell hybrids containing the single relevant human chromosome with and without the affected alterations, it might be possible to define specific markers for the disease and to elucidate molecular changes in these patients.
This approach can be further extended by appropriate restriction enzyme cleavage of the 2.2-kb fragment into subfragments and use of those subfragments that contain less copies in the human genome for mapping purposes. These subfragments not only will yield fewer and more distinct bands when hybridized to single human chromosome DNA but also should form identifiable bands when hybridized to total human DNA. Such subfragment probes could be used to resolve specific bands and may permit them to be mapped to a specific region of a chromosome, as demonstrated in this paper for the five bands mapped on chromosome 12. 
